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This paper presents, for the first time, measurements of neutron transparency ratios for nuclei
relative to C measured using the (e, e′n) reaction, spanning measured neutron momenta of 1.4
to 2.4 GeV/c. The transparency ratios were extracted in two kinematical regions, corresponding
to knockout of mean-field nucleons and to the breakup of Short-Range Correlated nucleon pairs.
The extracted neutron transparency ratios are consistent with each other for the two measured
kinematical regions and agree with the proton transparencies extracted from new and previous
(e, e′p) measurements, including those from neutron-rich nuclei such as lead. The data also agree
with and confirm the Glauber approximation that is commonly used to interpret experimental data.
The nuclear-mass-dependence of the extracted transparencies scales as Aα with α = −0.289±0.007,
which is consistent with nuclear-surface dominance of the reactions.
PACS numbers:
High-energy, large-momentum-transfer electron scat-
tering reactions are used to study a wide range of nuclear
phenomena, including the shell-structure of nuclei [1–3],
the modification of the quark-gluon substructure of pro-
tons and neutrons by the nuclear medium [4–9], the prop-
erties of nucleon correlations [10–14], and quark-gluon
color transparency effects [15–19]. In many experiments,
information about the nucleus is gleaned from the detec-
tion of knocked out nucleons, or other hadrons produced
in the reaction, after they exit the nucleus. The quanti-
tative interpretation of such experiments relies on mod-
eling both the electron interaction cross-section and the
propagation of hadrons through the atomic nucleus. The
nuclear transparency factor, T (A), describes the proba-
bility of an outgoing hadron to emerge from the nucleus,
quantifying the multiple scattering of the hadron with
the surrounding nucleons [16, 20–24].
At high-energies, nuclear transparency can be cal-
culated using the Glauber approximation [25–30], and
such calculations serve as a key ingredient in the anal-
yses of nuclear [17, 31], hadronic [19, 32, 33], neu-
trino [34, 35], and heavy-ion [36–40], physics exper-
iments. Thus, the experimental extraction of trans-
parency factors for single-nucleon knockout reactions at
different kinematics and for different nuclei serves both
as an important test of the Glauber approximation and
as a baseline for obtaining information on the structure
and dynamics of individual nucleons bound in nuclei.
See [18, 19, 29] for recent reviews.
We present an experimental extraction of the trans-
parency ratios, T (A)/T (12C), for proton and neutron
knockout, from measurements of Quasi-Elastic (QE)
A(e, e′n) and A(e, e′p) reactions. Here A represents car-
bon, aluminum, iron, and lead (or their corresponding
atomic numbers). The carbon nucleus was chosen as a
reference because it is a well-studied symmetric nucleus.
The transparency ratios were extracted in two kinematic
regimes, the first corresponding to the knockout of Mean-
Field (MF) nucleons and the second corresponding to
the knockout of nucleons from Short-Range Correlated
(SRC) nucleon pairs [13]. In both regimes, a requirement
of large momentum transfer (Q2 ≥ 1.5 GeV2) was en-
forced, which constrained the detected nucleon momen-
tum to be greater than 1.4 GeV/c.
In MF kinematics, the reconstructed initial momenta
of the knockout nucleons are below the nuclear Fermi
momentum, where the nuclear spectral functions are rel-
atively well-modeled. In SRC kinematics, the recon-
structed initial momenta of the knockout nucleons are
greater than the nuclear Fermi momentum because the
nucleons are members of SRC pairs [13].
The extracted transparencies for the two kinematics
are consistent with each other within their experimen-
tal uncertainties. The neutron knockout transparencies,
obtained here for the first time, are also consistent with
the proton knockout transparencies, even in nuclei such
as lead, which has about 1.5 times more neutrons than
protons. The A-dependences of the neutron- and proton-
knockout transparencies show a power-law scaling of Aα,
with α = −0.289 ± 0.007. This exponent is consistent
with −1/3, the value expected for scattering from the nu-
clear surface. Moreover, the proton knockout data agree
with Glauber calculations, validating their use in analy-
ses of high-energy nuclear reactions. While Glauber cal-
culations of neutron knockout reactions are unavailable
at the moment, they should not significantly deviate from
the proton knockout calculations in order to be consistent
with the data presented here.
3The analysis presented here was carried out as part
of the Thomas Jefferson National Accelerator Facility
(JLab) Hall B Data-Mining project [41]. The experiment
used a 5.01 GeV unpolarized electron beam incident on
a dedicated target system [42]. Scattered electrons and
knockout nucleons were detected using the CEBAF Large
Acceptance Spectrometer (CLAS) [43].
CLAS consisted of a toroidal super-conducting mag-
net and six independent sectors containing sets of
drift chambers (DC), time-of-flight scintillation counters
(TOF), Cherenkov counters (CC), and electro-magnetic
calorimeters (EC) for trajectory reconstruction and par-
ticle identification. The polar angular acceptance was
8◦ < θ < 140◦. The azimuthal angular acceptance was
50% at small polar angles, increasing to 80% at larger
polar angles.
The specially designed target consisted of a 2-cm liq-
uid deuterium (LD2) cryotarget, followed by one of five
alternately-installable solid targets ranging in thickness
from 0.16 g/cm2 to 0.32 g/cm2 (thin and thick Al, C,
Fe, and Pb, all in natural isotopic abundances) [42]. The
experiment collected most of its integrated luminosity on
the C and Fe targets, with reduced statistics on Al and
Pb. The LD2 target cell and the solid targets were sep-
arated by about 4 cm. The beam lost an average of 0.6
MeV energy in the LD2 target with negligible contribu-
tion to its radiative tail [42]. We selected events with
particles scattering from the solid target by reconstruct-
ing the intersections of their trajectories with the beam
line. The vertex reconstruction resolution for both elec-
trons and protons was sufficient to unambiguously sep-
arate particles originating from the cryotarget and the
solid target. The analysis presented here used only data
from the solid targets.
Scattered electrons were identified and pions rejected
by requiring negatively-charged tracks that produced
more than 2.5 photo-electrons in the CC with energy de-
posits in the inner and outer parts of the EC that are
correlated and proportional to the particle momentum
[43]. Neutrons were identified by observing interactions
in the forward EC (covering polar angles from 8◦ to 45◦),
with no associated hit in the preceding TOF bar and no
charged-particle tracks in the DC. We only considered in-
teractions that were within the fiducial region of the EC,
defined to include only hits reconstructed at least 10 cm
away from its edge. Due to the lack of sufficient Hydro-
gen data, the angle- and momentum-dependent neutron
detection efficiency and momentum reconstruction reso-
lution were determined simultaneously using the exclu-
sive d(e, e′ppi+pi−)n and d(e, e′ppi+pi−n) reactions [14, 44]
that, for our beam energy, have higher statistics and
preferable kinematical coverage than the commonly used
d(e, e′p)n and d(e, e′pn) reactions. As both the nuclear
and deuterium targets were in the beam simultaneously,
the random-coincidence background was the same for the
efficiency and physics measurements. Due to the low
luminosity of the measurement such backgrounds were
small and do not contribute to the systematic uncer-
tainty. Protons in CLAS were identified by requiring
that the difference between the measured time of flight
and that calculated from the measured momentum and
the nominal proton mass be within two standard devia-
tions from the mean of the event distribution over that
difference. This cut is an optimized trade-off between
excellent separation and minimal Monte Carlo correction
for lost events and clearly separates protons from pions
and kaons up to a momentum of 2.8 GeV/c.
We applied fiducial cuts on the angles and momenta of
all charged particles to avoid regions with steeply vary-
ing acceptance close to the magnetic coils of CLAS and
the edges of the detectors. The fiducial region for neu-
tron detection was defined by the EC fiducial region as
described above. In order to match the knockout nucleon
acceptances in the A(e, e′p) and the A(e, e′n) reactions,
we considered only protons or neutrons emerging from
the nucleus at angles that are within the fiducial regions
for both neutrons and protons. Also, we considered only
neutrons or protons with momenta up to 2.4 GeV/c, the
maximum neutron momentum considered in the analy-
sis [14, 44].
We corrected the kinetic energy of the incoming
electron and of the scattered electron and proton for
Coulomb distortions on an event-by-event basis using the
Effective Momentum Approximation (EMA) [48], as de-
tailed in Ref. [24, 49].
In QE electron-scattering processes, within the one-
body, one-photon exchange approximation, the momen-
tum and the energy transfer to the virtual photon are
absorbed by a single nucleon with an initial momentum
~pi, leaving the undetected (missing) residual (A− 1) sys-
tem with excitation energy Emiss = ω − TN − TA−1,
where ω is the virtual-photon energy transfer, TN is the
kinetic energy of the detected nucleon, and TA−1 is the
reconstructed kinetic energy of the residual A−1 system.
The missing momentum is pmiss = |~pN − ~q|, where ~pN is
the measured nucleon momentum and ~q is the momen-
tum of the virtual photon. Using this definition, in the
Plane Wave Impulse Approximation (PWIA), the initial
momentum of the struck nucleon pi is equal to pmiss.
The identification of A(e, e′N) events (in which N
stands for either proton or neutron) in either MF or
SRC kinematics, follows previous work [14, 24, 49]. For
the MF kinematics, this includes selection of events with
Q2 > 1.5 GeV2, and low missing energy and momen-
tum: Emiss < 80 − 90 MeV and pmiss < 250 MeV/c
[45, 46, 50] and −0.05 < y < 0.25. The latter is a scaling
variable that is related to the component of the initial
momentum of the knocked-out nucleon in the direction
of the momentum transfer vector [51]. For QE events y
is expected to be centered around zero. In this analy-
sis it is shifted to small positive values due to the lim-
ited angular acceptance of the EC. For the SRC kine-
4FIG. 1: The estimated transparency ratios for MF and SRC kinematics, both for protons and neutrons, as a function of the
nucleon momentum. Inner error bars are statistical and outer error bars include statistical and systematics uncertainties, the
latter are common for the different data-points of a given measurement. The black open circles show the world data for the
transparency ratios for MF proton knockout from Ref. [22, 23, 45, 46]. Glauber calculations are shown as dot-dashed [17],
dashed [27], and solid [28, 47] lines. The nucleon momentum range for the SRC data points is denoted by the horizontal line
round each point, while that of the MF data points is the same for all points and is not shown for clarity.
matics, this includes selection of events with xB > 1.2,
and a nucleon with momentum magnitude in the range
0.62 < |~pN |/|~q| < 0.96 and direction similar to that of
the virtual photon (θNq < 25
◦). Also, in SRC kinemat-
ics, we required that the missing momentum was high
(pmiss > 300 MeV/c) [24].
Although these event-selection cuts proved effective
for studies of (e, e′p) reactions in the two relevant kine-
matics, in the case of (e, e′n) the neutron momentum-
reconstruction resolution was insufficient to directly dis-
tinguish between events with high and low missing mo-
mentum and energy. To overcome this issue, we devel-
oped an alternative set of cuts that makes use only of
quantities insensitive to the poor neutron momentum-
reconstruction resolution, including the momentum of
the scattered electron and the direction of the knockout
nucleon. This alternative set of cuts was chosen to select
an event sample as similar as possible to the nominal
set, with reduced sensitivity to the neutron momentum
reconstruction resolution [14].
The development of these alternative selection cuts re-
quired analyzing a data-driven Monte-Carlo (e, e′p) event
sample, in which each measured event was used to gen-
erate several events for which the measured momentum
of the proton was smeared according to the neutron mo-
mentum resolution. For each generated event, all related
kinematical variables, such as missing momentum and
energy, were calculated twice, using the proton measured
and smeared momentum. This allowed us to estimate
the efficiency and purity of the alternative selection cuts
when applied to (e, e′n) events.
The alternative selection cuts are listed in Table I for
both MF and SRC kinematics. In both cases, the alter-
native cuts were chosen such that the selection efficiency
is as large as possible while background contamination by
other events is minimal. The efficiency of the alternative
cuts is about 90% in either kinematics, with a contamina-
tion of about 10%, making the total event sample sizes
equivalent to those obtained using the unsmeared mo-
mentum and the nominal selection cuts (MF and SRC).
See online supplementary materials for additional de-
tails on the analysis, including comparisons between
the kinematical distributions of the selected (e, e′n) and
smeared (e, e′p) event samples.
Using the selected event samples, we then extracted
the cross-section ratios for scattering off the solid targets
relative to carbon. The cross-section ratios are defined
as the normalized-yield ratios, where each yield is nor-
malized to the number of scattering centers (number of
protons or number of neutrons) in the target and the
5total number of electrons incident on the corresponding
target during the experiment. Detector acceptance ef-
fects cancel in the cross-section ratios because (a) all solid
targets were located at the same position on the beam
line and (b) the shapes of the event distributions giving
the yields in the nominator and the denominator of each
transparency ratio, were observed to be similar for the
final-state kinematical variables for the different targets
(including missing energy and momentum).
The A(e, e′N) cross-section ratios were corrected for
radiative effects [52] in the same way as was done
in [24, 53, 54]. The radiative correction to the trans-
parency ratio was found to be ∼ 1%, 5%, and 6% for
Al/C, Fe/C, and Pb/C ratio, respectively, with a negli-
gible contribution to the corresponding total systematic
uncertainty.
Nuclear transparency is formally defined as the ra-
tio of the experimentally extracted nucleon knock-out
cross-section to the Plane Wave Impulse Approximation
(PWIA) cross-section,
TN (A) =
σexpA(e, e
′N)
σPWIAA(e, e′N)
. (1)
In the commonly used factorized approximation for large-
Q2 reactions, σPWIA is given by (see [55]):
σPWIA(e, e
′N) =
K
#Ntar
·σeN ·
∮
SA(E, pi)dEd
3pi, (2)
in which #Ntar is the number of relevant nucleons in the
target nucleus (i.e. number of protons for (e, e′p) and
neutrons for (e, e′n) reactions), K = |~pN | · EN is a kine-
matical factor, EN is the energy of the outgoing nucleon,
σeN is the off-shell electron-nucleon elementary cross sec-
tion, SA(E, pi) is the nuclear spectral function, which de-
fines the probability for finding a nucleon in the nucleus
with momentum pi and separation energy E. SA(E, pi) is
normalized as
∫∞
0
SA(E, pi)dEd
3pi ≡ #Ntar. The limits
of the integral over the spectral function in Eq. 2 should
correspond to the experimental acceptance.
Under the condition that the measurements for a nu-
cleus with A nucleons and for 12C are done in equivalent
kinematics, as was done in this work, their transparency
ratio is given by:
TN (A)
TN (C)
=
σexpA(e, e
′N)
σexpC(e, e′N)
·
∮
SC(E, pi)dEd
3pi∮
SA(E, pi)dEd3pi
, (3)
in which the spectral functions for A and C are integrated
over the same kinematical regions.
For the MF kinematics, Eq. 3 can be expressed as:
TMFN (A)
TMFN (C)
=
∫ k0
0
nC(pi)dpi∫ k0
0
nA(pi)dpi
· σexpA(e, e
′N)
σexpC(e, e′N)
, (4)
where σexpA(e, e
′N)/σexpC(e, e′N) is the measured nu-
cleon knockout cross-section ratio discussed above and
FIG. 2: The estimated transparency ratios for MF and SRC
kinematics, both for protons and neutrons, together with a
power law fit to a weighted average (grey line), as described
in the text. For Fe and Pb nuclei, also shown are results based
on three Glauber Calculations: [17] dotted line, [27] dashed
line, and [28, 47] solid line.
the first term is the ratio of integrals over the mean-field
part of the nuclear momentum density, which, due to
the large missing-energy cut, replaces the integrals over
the mean-field spectral functions. The nuclear momen-
tum density is defined as nA(pi) ≡
∫∞
0
SA(E, pi)dE. The
later was calculated following [17]. The integral calcula-
tions in Eq. 4 were done using three different models for
the mean-field momentum distribution: Ciofi and Sim-
ula [56], Woods-Saxon [57], and Serot-Walecka [58] with
k0, the upper limit of the MF momentum range, chosen
to be the average between 300 MeV/c and the Fermi sea
level, kF = 221; 260; 260; and 260 (280) MeV/c for C,
Al, Fe, Pb, respectively, for protons (neutrons) [59]. We
assigned the half difference between the two extreme val-
ues obtained by considering the different values of k0 and
the different models as a corresponding systematic un-
certainty. The values of the latter are 4.9% (3.8%), 4.2%
(5.7%), and 4.3% (4.5%) for protons (neutrons) for the
Al/C, Fe/C, and Pb/C ratios, respectively. The results
of this calculation are consistent with those previously
obtained by Hartree-Fock-Slater wave functions [17].
The transparency ratios in SRC kinematics are ex-
tracted following [24] as:
TSRCN (A)
TSRCN (C)
=
1
a2(A/C)
· σexpA(e, e
′N)/A
σexpC(e, e′N)/12
, (5)
where a2(A/C) is the relative number of 2N -SRC pairs
per nucleon in nuclei A and C. These ratios were adapted
from [60] and are based on a compilation of world data
for the (e, e′) cross-section ratio at large Q2 and xB > 1
with different theoretical corrections.
As shown in Fig. 1, the extracted transparency ratios
6TABLE I: The (e, e′N) event selection cuts for the MF
kinematics and SRC kinematics.
MF SRC
−0.05 < y < 0.25 xB > 1.1
0.95 < ω < 1.7 GeV 0.62 < |~pN |/|~q| < 1.1
θNq < 8
◦ θNq < 25◦
pmiss < 0.3 GeV/c mmiss < 1.175 GeV/c
2
Emiss < 0.19 GeV 0.4 < pmiss < 1 GeV/c
are independent of nucleon momentum between 1.4 and
2.4 GeV/c for both protons and neutrons, and for each of
the three nuclei. Also shown are previous measurements
for protons [22, 23, 45, 46], which are consistent with
the new results. The proton knockout data also show
an overall good agreemet with various Glauber calcula-
tions [17, 27, 28, 47].
The transparency ratios, averaged over nucleon mo-
mentum and type of nucleon, for each kinematics, are
listed in Tables II. The systematic uncertainties of these
estimates include the sensitivity to the event selection
cuts (see online supplementary materials Tables I and
III), and a 2% uncertainty of the integrated charge. For
the SRC the uncertainties also include the uncertainty
of a2(A/C) (5%), and a 5% uncertainty due to the np-
dominance assumption for the Pb/C case (see Ref. [24]).
For the MF, the uncertainties also include the uncer-
tainty from the MF integrals discussed above. The sys-
tematic uncertainty is independent of nucleon momen-
tum. In Fig. 1 and elsewhere in this paper, the uncer-
tainties shown and quoted are total uncertainties (sys-
tematic and statistical summed in quadrature), except if
specifically stated otherwise.
Figure 2 shows the extracted transparency ratios, av-
eraged over the momentum range shown in Fig. 1, as
a function of the nuclear mass number. Notice that the
momentum ranges are 1.64–2.34 GeV/c (3 bins) for MF,
and 1.57–2.34 GeV/c for SRC. As mentioned above, the
transparency ratios are independent of nucleon momen-
tum in these ranges. For example, averaging the MF
transparency ratios over 1.40–2.34 GeV/c (all 4 bins)
yields a value that is within 1% (much smaller than the
smallest total uncertainty) of the average over 1.64–2.34
GeV/c (last 3 bins). The results are not sensitive to
the smearing, since the smeared and un-smeared (e, e′p)
transparency ratios in each kinematics are the same (see
online supplementary materials).
Since all the four transparency ratios are consistent
with each other within their experimental uncertainties,
we take their weighted average for each nucleus and, fol-
lowing [22, 23, 45, 46], we fit them to a power law in the
form of Aα. The Glauber calculation indicates the distri-
bution of the hard process in the nucleus. Our extracted
value of α = −0.289±0.007 is consistent with the Glauber
result of α = −0.288 to −0.337 [17, 27, 28, 47]. While
the electron-nucleon interaction can take place anywhere
TABLE II: The transparency ratios and their
uncertainties for MF and SRC kinematics. The first
uncertainty is statistical and the second is systematical.
MF
(e, e′p) (e, e′n)
Al/C 0.771±0.017±0.048 0.853±0.033±0.043
Fe/C 0.621±0.005±0.035 0.660±0.015±0.044
Pb/C 0.442±0.010±0.027 0.439±0.017±0.026
SRC
Al/C 0.811±0.028±0.053 0.807±0.088±0.053
Fe/C 0.679±0.013±0.046 0.683±0.034±0.048
Pb/C 0.435±0.013±0.038 0.439±0.032±0.037
in the nucleus, the observed power law indicates that
the measured events come predominantly from electron-
nucleon interactions at the surface of the nucleus in all
measured reactions, and also in neutron-rich nuclei like
lead [17, 27, 28, 47]. Non-surface interactions are more
susceptible to substantial nucleon-nucleon rescattering
which removes the event from the experimental phase-
space.
In summary, we determined experimentally A(e, e′p)
and A(e, e′n) cross-section ratios for 27Al, 56Fe, and
208Pb nuclei relative to 12C in MF and SRC kinemat-
ics. From these ratios we extracted the nuclear trans-
parency ratios for protons and neutrons in each kinemat-
ics. Both the proton and neutron transparency ratios are
independent of nucleon momentum and consistent with
each other within the experimental uncertainty, for all
measrued nuclei. The A-dependence of the transparency
ratio as well as the Glauber calculations are consistent
with the hypothesis that nucleon knockout occurs on the
nuclear surface.
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